matically examined to find the best. Additional crosses or backcrosses with one of the parents are often required, adding time to the process. Likewise, conventional breeding is limited to a relatively narrow genetic base since the trait must be present in a sexually compatible species. Even within a species, there is often considerable incompatibility, impeding the incorporation of selected traits into new cultivars. The use of recombinant DNA opens the door to a vast array of beneficial genes-genes that are not restricted to a given plant species, but may be obtained from any organism.
Transgenic plants have the potential to increase our basic knowledge of plant genetics (Schell, 1987) . Therefore, a basic understanding of the techniques and concepts involved in the production of transgenic plants is essential. This paper provides an overview of transgenic plant production and some aspects of molecular biology that relate to plant gene transfer.
TERMINOLOGY

Genes, vectors, clones, and libraries
A gene can be defined as a colinear piece of DNA that consists of a promoter (regulatory, 5' upstream sequences), coding regions (exons), noncoding regions (introns or intervening sequences), and a polyadenylation signal sequence (3' downstream sequences). The reason that this general definition has been chosen is that in eukaryotes, such as plants, introns are present and the messenger RNA (mRNA) is polyadenylated, whereas in prokalyotes, such as bacteria (i.e., Escherichia coli), introns are absent and the mRNA is not polyadenylated. These points might seem minor, but they become very important when the goal is expression of a plant gene in a bacterial system or of a bacterial gene in a plant system. The plant promoter and the introns must be removed and the coding region attached to a bacterial promoter to express a plant gene in a bacterial system. The coding region of the gene must be joined at the 5' end to a plant promoter and at the 3' end to a plant polyadenylation signal sequence for the expression of a bacterial or nonplant gene in a plant system (Fraley et al., 1983; Kuhlemeier et al., 1987; Rothstein et al., 1987; Schell, 1987) . Most selectable markers and reporter genes in current use in plant gene transfer are of bacterial or nonplant origin (Fraley et al., 1983; Weising et al., 1988) .
Cloning vectors are genetically engineered plasmids, viruses, or bacteriophages used to deliver and replicate foreign DNA in cells (usually bacteria). In general, these vectors contain a bacterial origin of replication, a selectable marker (i.e., an antibiotic-resistant gene), and a scoreable marker so that the vector can be selected and manipulated in bacteria. The widely used pUC vectors have an origin of replication for replication in bacteria, an ampicillin-resistant gene for selection of bacteria that have been transformed, and a lacZ gene for a scoreable marker 198.5) . The lacZ gene has been engineered to possess a region of DNA that contains several unique restriction enzyme recognition sequences. The lacZ gene product becomes nonfunctional when foreign DNA is inserted into this region. This phenomenon allows for the identification and selection of recombinant (vector DNA plus plant DNA) from the nonrecombinant vectors.
To manipulate genes using molecular techniques, a clone of the gene is needed. A clone is a collection of identical DNA molecules derived from a single ancestral DNA molecule. Cloning vectors that allow for the selection and propagation of recombinant DNA clones (plant DNA plus vector) in bacteria are available commercially. Clones can be either genomic DNA or complementary DNA (cDNA) that are isolated from genomic or cDNA libraries. A genomic library is a collection of recombinant DNA molecules that, together, carry the sequences representative of a species genome. The cDNA library is also a collection of recombinant DNA molecules, but represents only a population of expressed genes (transcribed mRNA). Therefore, many different cDNA libraries can be produced from the same plant using different plant parts (root, leaf, flower, etc.) .
Transgenic plants
The mid-to late 1980s have been a time of significant advances in the production of transgenic plants. These advances have been due, in part, to the development of efficient gene vector systems and techniques of plant transformation and regeneration (Cocking and Davey, 1987; Gasser and Fraley, 1989; Klee et al., 1987; Kuhlemeier et al., 1987; Weising et al., 1988; Weissbach and Weissbach, 1987; Zaitlin and Hull, 1987) . Production of transgenic plants, as a result of these advances, has been perceived as a possible approach for the control of farm pests, weeds, insects, and plant diseases (U.S. Congress, 1988) . Transgenic plants have been produced to integrate new traits from other plants or organisms into target plants. For example, traits for resistance to herbicides, insects, and viruses have been transferred into plants (Gasser and Fraley, 1989; Nelson et al., 1988; Schell, 1987; Weising et al., 1988) .
Transgenic plants are also used to study the DNA sequences essential for the control of gene expression within plants (Schell, 1987; Weising et al., 1988) . This control can be general or specific. In certain transgenic plants, gene expression can be manipulated generally to increase the amount of a gene product, or manipulated specifically to: 1) express the gene product at unique stages of plant development or to 2) express the gene in organs where the gene product is not normally expressed (Hoffman et al., 1987; Smigocki and Owens, 1988) . Transgenic plants have also been used to limit the expression of genes (van der Krol et al., 1988a) . To accomplish this end, the gene to be limited is incorporated into the plant in the reverse orientation with respect to the promoter. The transferred gene produces antisense RNA that binds to the mRNA produced from the endogenous gene. Antisense RNA has been used to lower production of polygalacturonase in tomatoes (Sheehy et al,, 1988; Smith et al., 1988) and chalcone synthase in petunia (van der Krol et al., 1988a (van der Krol et al., , 1988b .
The most important step in developing transgenic plants is to determine which gene (trait) to transfer. This will be different for each project, depending on the goals of the project and the knowledge of the genetics controlling the trait. Once the goals are known and a gene of interest has been identified, the gene must be cloned. What is known about the gene will determine which techniques are used to isolate a clone (genomic or cDNA) of the gene.
TECHNIQUES
Cloning/library construction
Construction of a genomic library begins with the isolation of plant DNA. This DNA is digested with a restriction enzyme that cleaves at specific sequences positioned randomly throughout the plant DNA (genome). A cloning vector is digested with the same restriction enzyme or with a restriction enzyme that will produce compatible or "sticky" ends. The plant DNA fragments to be cloned and the vector DNA are ligated (bonded) together with DNA ligase to form recombinant DNA molecules. These molecules are subsequently used to transform competent E. coli cells. After the transformation procedure, the bacterial cells are plated on a selective medium containing an antibiotic that allows only bacteria transformed with the vector DNA to grow. Bacteria that have been transformed with the recombinant DNA molecules can then be selected. Each of the transformed bacterial colonies that contain a recombinant plasmid will have a clone of a portion of the plant genome. All the clones together comprise the genomic library.
A cDNA library is different from a genomic library in that it is a collection of mRNAs from currently expressed genes that do not contain promoter and intron sequences. The construction of cDNA libraries was made possible with the discovery of the enzyme reverse transcriptase in RNA viruses (Verma, 1977) . The function of reverse transcriptase is to copy RNA into DNA. In short, a cDNA library is constructed by isolating total RNA from the plant part that is expressing the genes of interest. The mRNA that is polyadenylated at its 3' end (poly-A + RNA) is then separated from the total RNA (ribosomal, transfer, and mRNA) on an oligo-dT column. These mRNAs are converted into cDNA with reverse transcriptase. Each cDNA molecule is then ligated into a cloning vector and is used to transform competent E. coli. The transformed bacteria are subsequently selected. All of the clones together make up the cDNA library. Techniques for producing genomic and cDNA libraries are described in great detail in the manuals listed in Table  1 . Currently, there are commercial sources for the production of both genomic and cDNA libraries.
Gene transfer methods
There are many methods that have potential for the production of transgenic plants. Currently, the most widely used method for the production of transgenic plants is the Agrobacterium-mediated gene transfer system (Cramer and Radin, 1990; Klee et al., 1987; Kuhlemeier et al., 1987; Weising et al., 1988; Zambryski, 1988) . This procedure is considered to be a nondirect method of gene transfer because the gene must first be transferred into Agrobacterium. Other methods that have produced transgenic plants and have generally been classified as direct gene transfer include chemical treatment, electroporation, microinjection, and microprojectile bombardment Klein et al., 1988; McCabe et Potrykus, 1988; Saunders et al., 1989; Weising et al., 1988) . Once a gene transfer method is chosen, the gene must be cloned into an appropriate vector. In general, these vectors should contain a bacterial origin of replication and a bacterial selectable marker so that the vector can be manipulated in bacteria. The vector should also contain a plant selectable marker to allow selection of transgenic plants, and a multiple cloning site. This multiple cloning site can be a region of DNA that contains unique restriction enzyme recognition sequences, or restriction enzyme sites flanked by a plant promoter (5' sequences) and a plant polyadenylation signal sequence (3' sequences). Vectors with these characteristics are available commercially. Agrobacterium-mediated gene transfer. The plant pathogen Agrobacterium tumefaciens is a natural genetic engineer. Upon infection of a host plant, Agrobacterium transfers its T-DNA into the plant, which is stably integrated into the chromosome of the plant Schell, 1987; Weising et al,, 1987; Zambryski, 1988) . The DNA transferred and integrated into the plant by the Agrobacterium is very precise; only the DNA that lies between the T-DNA borders is transferred and integrated in the plant genome. Usually one T-DNA copy is integrated per plant cell (Zambryski, 1988) .
Direct gene transfer. Transgenic plants have been produced by the techniques of chemical treatment [calcium-phosphate and polyethylene glycol (PEG)], electroporation, microinjection, and microprojectile bombardment. These techniques deliver the foreign DNA directly into the plant cell. For both chemical treatment and electroporation, the cells to be transformed are first converted into protoplasts by the removal of their cell walls. For chemical treatment, protoplasts are incubated with DNA and calcium phosphate or PEG to facilitate DNA uptake into the cell Potrykus, 1988; Weising et al., 1988) . Electroporation of plant protoplasts or germinating pollen requires that cells be exposed to a high-voltage electrical charge for a short time. Cell membranes develop large pores through which DNA moves during the electrical charge and can be incorporated into the plant genome Saunders et al., 1989; Weising et al., 1988) . Microinjection is achieved by placing a small needle into the cell and injecting DNA directly into the nucleus Potrykus, 1988) . Microprojectile bombardment is a method that can be performed on an intact plant. The plant is subjected to a shower of high-velocity particles that are coated with DNA (Klein et al., 1988; McCabe et al., 1988; Schell, 1987) . All of these techniques have their limitations. The method of transformation selected will depend on the species and characteristics of the plant to be transformed.
Isolation of transgenic plants
Regardless of the technique used, a mixture of both transformed and nontransformed plant tissue is present following the transformation process. This mixture of tissue can be sorted out by using a plant selectable marker or by using reporter enzyme systems Rothstein et al., 1987; Schell, 1987; Weising et al., 1988) . Most of the techniques rely on selectable markers that will allow only tissue that is transformed to grow on selective media. The most widely used selectable marker for plants is the neomycin phosphotransferase II ( kan ) gene, which confers resistance to kanamycin. Only transformed plants that have incorporated the kan gene should grow on media that contains kanamycin. Also, the level of expression of the kan gene can be determined. Another plant selectable marker in use is the hygromycin phosphotransferase gene ( hpt ), which confers resistance to hygromycin B (Rothstein et al., 1987) . Some widely used reporter enzyme systems in plants are: chloramphenicol acetyltransferase (CAT); ß-glucuronidase (GUS); and luciferase (Jefferson et al., 1987; Ow et al., 1986; Schell, 1987; Weising et al., 1988) .
Verification of transgenic plants
Southern blot analysis. Growth of transformed plant tissue on selective medium is not conclusive evidence for successful production of transgenic plants. The use of Southern blot analysis will verify the identification of transgenic plants. A positive Southern blot analysis ensures that the transgenic plant has the DNA of interest incorporated into its genome. Southern blot analysis begins by extracting the genomic DNA from the plant. The genomic DNA is either undigested or digested with a restriction enzyme and subjected to gel electrophoresis to separate the DNA by size. Then, the size-fractionated DNA is immobilized on nitrocellulose by blotting. The DNA on the nitrocellulose blot is hybridized with a radioactively labeled DNA probe that is prepared from a sample of the DNA (gene) used in the construction of the transgenic plant. The results are visualized by autoradiography. A Southern blot with undigested DNA will show whether the transferred DNA has been incorporated into the genome of the plant or whether it remains as an extrachromosomal element. The extrachromosomal location of the DNA may be due to contamination, because the transferred DNA should not contain a plant origin of replication. A positive Southern blot with restriction-enzyme-digested DNA will allow the estimation of the number of insertion sites where the transferred DNA has been incorporated into the plant's genome.
Northern blot analysis. Plants with "positive" Southern blots are transgenic. However, sometimes these transgenic plants do not produce the trait that the transferred gene confers. One cause may be that the transferred gene is not being transcribed in the plant or tissue of interest. This can be tested with a northern blot. The northern blot is similar to the Southern blot; however, the Southern blot evaluates DNA incorporation, while the northern blot evaluates mRNA production (gene expression). A positive result with the northern blot verifies that the transferred gene is being transcribed into mRNA.
Western blot analysis. A western blot is similar to the Southern and northern blots. However, while the Southern and northern blots evaluate DNA and RNA, respectively, and require a nucleic acid probe, the western blot evaluates proteins and requires an antibody against the protein of interest. Western blots and specific enzyme activity assays are used to evaluate the production of gene products (protein) in transgenic plants. The amount of gene product can be estimated from the results of an activity assay or western blot.
Evaluation. Transgenic plants may have one or more copies of the gene incorporated, depending on the method of gene transfer (Schell, 1987; Weising et al., 1988; Zambryski, 1988) . The transgenic nature of the plants is verified, then they are evaluated in greenhouse and field tests for inheritance, stability, and breeding behavior of the trait.
PROBLEMS INVOLVED
Advances in plant gene transfer and in production of transgenic plants have occurred very rapidly over the past 5 years. These advances have made it possible to introduce DNA into plants for the production of new traits, such as resistance to herbicides, insects, or viruses and for the study of plant genes and their controlling elements (Cramer and Radin, 1990; Fraley et al., 1983; Gasser and Fraley, 1989; Goodman et al., 1987; Kuhlemeier et al., 1987; Schell, 1987; van der Krol et al., 1988a van der Krol et al., , 1988b Weinand and Saedler, 1987; Weising et al., 1988; Zaitlin and Hull, 1987) . However, both technical and nontechnical limitations still exist.
The technical limitations for gene transfer in plants include a lack of basic knowledge about transformation and regeneration of most plants. These limitations are being addressed by the development of a better understanding of the mechanisms of Agrobacterium host specificity and T-DNA transfer (Zambryski, 1988) . To overcome problems of plant regeneration, the use of microprojectile bombardment of plant meristems and electroporation of pollen are being investigated. These procedures bypass the regeneration step by directly transforming tissue that will give rise to the next generation and thereby pass on the transferred gene.
The expression of genes in transgenic plants may not be as anticipated. The gene transferred may be expressed in an unexpected tissue or stage of development or at a level too low to be effective. These unwanted results could be related to the genotype of the transformed plant or the promoter of the gene.
Nontechnical issues can be at least as restrictive as the technical limitations for the production and use of transgenic plants (Gasser and Fraley, 1989; Tolin and Vidaver, 1989) . These issues include public perception and regulatory approval of the procedures. Without satisfying all of these constituents, the use of transgenic plants will be hindered.
